Although uterine leiomyomata (also known as fibroids or myomas) affect the reproductive health and well-being of approximately 25% of premenopausal women, risk factors are poorly understood. Elevated diastolic blood pressure may increase fibroid risk through uterine smooth muscle injury, not unlike atherosclerosis. The authors prospectively examined the relation between diastolic blood pressure and incidence of clinically detected leiomyomata. The sample included 104,233 premenopausal nurses from 14 US states enrolled in the Nurses' Health Study II. Participants, aged 25-42 years, had intact uteri and no history of cancer or fibroids at enrollment in 1989. During the 827,348 woman-years of follow-up (1989-1999), 7,466 incident diagnoses of uterine leiomyomata, confirmed by ultrasound or hysterectomy, were reported. With a multivariable Cox proportional hazards model, the relative risk of self-reported ultrasound-or hysterectomy-confirmed uterine leiomyomata according to diastolic blood pressure in 1989 and time-varying antihypertensive use was estimated. With adjustment for age, race/ethnicity, body mass index, and reproductive history covariates, for every 10-mmHg increase in diastolic blood pressure, the risk of fibroids rose 8% (5-11%) and 10% (7-13%) among nonusers and users of antihypertensive medications, respectively. Elevated blood pressure has an independent, positive association with risk for clinically detected uterine leiomyomata among premenopausal women. Investigating this association may suggest possible pathways to prevent fibroids. blood pressure; cohort studies; hypertension; leiomyoma; uterine diseases; uterine neoplasms Abbreviation: CI, confidence interval.
subclinical tumors (3) . Studies screening randomly selected women using ultrasonography (17) (18) (19) or pathologic examination of uteri (20) have reported uterine leiomyomata prevalence values ranging from 5.4 to 77 percent. In one such study, over 50 percent of premenopausal women with ultrasound evidence for tumor had no previous diagnosis (17) ; therefore, our present understanding of fibroids is informed by the distribution of clinically symptomatic tumors. Purported risk factors include age (1, 7, 21) , African-American ethnicity (12, 17, 21, 22) , obesity (1, (23) (24) (25) (26) , diet (27) , excessive radiation (28, 29) , family history (19, (30) (31) (32) (33) (34) (35) (36) , age at menarche (4, (37) (38) (39) (40) , and infertility (22, 37, 40) . Factors believed to be protective include smoking (1, 5, 22, 41, 42) and increasing parity (1, 25, 37, 39, 40, (43) (44) (45) in some, but not all, studies.
African-American women have a higher fibroid prevalence in random screened samples (17) and 3.2 times the rate of new clinical diagnoses (21) . They are also disproportionately affected by symptomatic fibroids (7, 12, 17, 21, 46) , with nearly twice the incidence of hysterectomies for symptomatic uterine leiomyomata (3.8 vs. 1.6 per 1,000 woman-years) (7) .
Hypertension has been associated with uterine leiomyomata risk through anecdotal reports (47) (48) (49) (50) (51) (52) , as well as retrospective (53, 54) , cross-sectional (55) , and case-control (56) studies. Research linking hypertension and hysterectomy (57-59) may indirectly implicate fibroids. Faerstein et al. (56) suggest that hypertension represents a ''proatherogenic'' state that enhances risk for fibroid development and/or growth in uterine smooth muscle in a manner analogous to atherosclerotic changes in arterial smooth muscle. Elevated blood pressure may cause smooth muscle cell injury and/or cytokine release and thereby increase the risk of uterine fibroid onset or growth, in a process analogous to atherosclerosis. Prior studies have focused on hypertension rather than on blood pressure levels.
Presently, the relation between blood pressure level and fibroid risk is unknown. Elevated systolic and diastolic blood pressures are each associated with the development of atherosclerosis, in a continuous, graded fashion (60, 61) . Several lines of research suggest that diastolic blood pressure may be a better indicator than systolic blood pressure of cardiovascular risk among younger subjects (62) (63) (64) (65) (66) . We examined the relation between baseline diastolic blood pressure and uterine leiomyomata incidence over the 10 years of follow-up in a prospective cohort of premenopausal women and the heterogeneity of this relation across racial/ethnic groups.
MATERIALS AND METHODS
The Nurses' Health Study II is an ongoing prospective cohort study that began in September 1989 with 116,678 registered female nurses, aged 25-42 years, from 14 US states. The intent of the study is to explore factors that increase chronic disease risk, morbidity, and mortality among women. The mail survey is conducted biennially to collect information on diet, physical activity, pregnancies, oral contraceptive use, and chronic disease history. Response rates for the biennial questionnaires have historically been greater than 90 percent.
The study population for this analysis was restricted to premenopausal women with intact uteri. At baseline in 1989, participants with a history of uterine leiomyoma prior to September 1989 (n 5 5,288) who reported blood pressure unknown or not checked in the past 2 years (n 5 834), who were postmenopausal (n 5 2,270), who had a hysterectomy (n 5 3,005), who reported diagnosis of any cancer other than nonmelonoma skin cancer (n51,009), or who had no follow-up after 1993 (n 5 1,675) were excluded. After the exclusions, 104,233 women remained for analysis.
Incident cases were defined as participants who reported a first diagnosis of ''uterine fibroids'' confirmed by ultrasound or hysterectomy on questionnaires in 1993, 1995, 1997, or 1999. If a participant reported both a hysterectomy and a diagnosis of uterine fibroids confirmed by ultrasound/ hysterectomy in the same time interval, the diagnosis was further classified as hysterectomy confirmed. If no hysterectomy was reported in the same time interval as a diagnosis confirmed by ultrasound/hysterectomy, the diagnosis was classified as ultrasound confirmed. Marshall et al. (21) performed a validation study among 243 Nurses' Health Study II participants who reported a new diagnosis of fibroids detected by ultrasound or hysterectomy after 1989 on the 1993 questionnaire (100 White and 143 Black women) to assess the accuracy of self-report. The validation study revealed that the self-reported values had good agreement with the medical records, and confirmation rates were 92 percent and 94 percent among Black and White participants, respectively (21) .
The diagnosis date was set to the midpoint of the interval in which it was first reported. Therefore, incidence is defined as the first diagnosis by ultrasound or hysterectomy, as opposed to the onset of a fibroid tumor, which cannot be ascertained. Nurses' Health Study II participants were not systematically screened for fibroids through gynecologic ultrasound. Time at risk was defined as the number of months between the return of the 1989 questionnaire and May 1999, death, onset of menopause, diagnosis of cancer, or date of uterine leiomyomata diagnosis (whichever came first). Women who reported a new diagnosis confirmed by pelvic examination only or who lacked information on the method of diagnosis were not included as cases because of the uncertainty of the diagnosis. Those who reported a new diagnosis confirmed by pelvic examination alone were unable to contribute person-time during the reported interval but were allowed to reenter the analysis at a later date if they had a hysterectomy or ultrasound confirmation.
Diastolic blood pressure was self-reported in 1989 through nine response categories divided into approximately 10-unit intervals of millimeters of mercury. Respondents were instructed to report their current usual blood pressure if checked within the past 2 years. Self-reported hypertension was found to be reliable in a validation study conducted in 1983 among women in a similar cohortNurse's Health Study I (67) .
Antihypertensive medication use was assessed in four of the five biennial questionnaires : 1989, 1993, 1995, and 1997 . Respondents were asked three questions in 1989 regarding current medications that they used regularly: specifically, whether they used any antihypertensive medication, furosemide-like diuretics, or thiazide diuretics. On later questionnaires they were asked whether, over the past 2 years, they regularly used thiazide diuretics and if they used any other medication to treat hypertension. As we lacked information on antihypertensive medication use in 1991, study participants were considered to be using antihypertensives in 1991 if they reported antihypertensive use on both the 1989 and 1993 questionnaires.
Regarding statistical analyses, participants were assigned to categories of diastolic blood pressure and antihypertensive medication use in 1989. We examined the baseline distribution of risk factors for uterine leiomyomata according to category of diastolic blood pressure and antihypertensive medication use in 1989, with direct age standardization to the study population in 5-year age categories. Antihypertensive medication use was updated on the basis of information from biennial questionnaires, allowing us to stratify 1989 diastolic blood pressure by updated use of antihypertensives.
Person-months of follow-up were assigned to groups according to exposure status at baseline and updated for subsequent time periods. The incidence rates of uterine fibroids, confirmed by ultrasound or hysterectomy, for specific blood pressure categories were computed by dividing the number of events by the person-time at risk in that category.
Multivariable Cox proportional hazards regression models were used to estimate incidence rate ratios while controlling for multiple risk factors using the SAS PROC PHREG procedure (SAS Institute, Inc., Cary, North Carolina). Relative risks are adjusted for the following variables: age (months), time period (months), age at menarche (10, 11, 12, 13, 14, 15 , 16 years of age), age at first oral contraceptive use (never, 13-16, 17-20, 21-24, 25 years), body mass index (continuous measure in kg/m 2 ), time since last pregnancy lasting at least 6 months (nulliparous, 1-7, 8-15, 16 years), age at first birth (<25, 25 years of age), marital status (ever/never), racial/ethnic group (Asian, Black, Latina, White, other), menstrual cycle length and regularity (regular, <40 days and irregular, 40 days and irregular, no menstrual periods or missing), and infertility (tried to become pregnant for 1 year without success). With the exceptions of marital status, age at menarche, and race/ ethnicity, which were measured at baseline, all covariates were updated every 2 years with the Anderson-Gill data structure as described by Therneau (68) . To control for confounding by age, calendar time, and any possible twoway interactions between these two time scales, analyses were stratified jointly by age in months at start of follow-up and calendar year of the current questionnaire cycle (69) . Results for the total case group and for hysterectomyconfirmed cases are presented separately. Women with a diastolic blood pressure of less than 65 mmHg in 1989 and who did not use antihypertensive medications were used as the referent group. All relative risks are presented with 95 percent confidence intervals, and reported p values are two sided. Chi-square tests were used for group comparisons. To test for linear trends, all participants in each category were assigned the midpoint value for that category, which was then analyzed as an ordered categorical variable (70) . Those in the lowest category of diastolic blood pressure (<65 mmHg) were assigned a value of 60 mmHg, and those in the category of more than 105 mmHg were assigned a value of 110 mmHg. In subanalyses conducted using months of hypertension as the exposure, the diagnosis of hypertension was set to the midpoint of the interval when it was reported.
Interactions between diastolic blood pressure and several covariates (body mass index, race/ethnicity, infertility workup, annual examination) were tested using the likelihood ratio test, which compared nested models with and without multiplicative interaction terms (71) . The interaction between body mass index and blood pressure was represented by a cross-product interaction term. The interaction between racial/ethnic group and blood pressure was tested using dummy-coded race/ethnicity categories multiplied by continuous blood pressure.
RESULTS
In 1989, approximately 70 percent of the women in the Nurses' Health Study II cohort reported a diastolic blood pressure of less than 75 mmHg, and 3 percent of the cohort used antihypertensive medications. Table 1 presents the agestandardized distributions of baseline characteristics of the study population by diastolic blood pressure group. There were several differences in risk factors across blood pressure groups, most importantly, in body mass index and race/ ethnicity.
A total of 7,466 incident cases of uterine leiomyomata were diagnosed by ultrasound (n 5 5,805) or hysterectomy (n 5 1,661) during the 827,348 woman-years of follow-up (1989-1999). The 10-year cumulative incidence for uterine fibroids diagnosed by ultrasound or hysterectomy is 7 percent in this cohort of premenopausal women. As demonstrated in table 2, compared with the risk for women who had a diastolic blood pressure of less than 65 mmHg, the relative risk of uterine fibroids confirmed by ultrasound or hysterectomy increased as diastolic blood pressure rose, regardless of antihypertensive medication use. A statistically significant dose-response association remained between diastolic blood pressure categories greater than or equal to 65 mmHg and fibroid risk when adjusting for multiple risk factors (21, 23, 37) , including age at menarche, body mass index, race/ethnicity, age at first birth, years since last term birth, history of infertility, marital status, first oral contraceptive use, and menstrual cycle irregularity (table 2) . Cigarette smoking was not associated with uterine leiomyomata incidence and, therefore, was not included in the final model. In separate analyses of cases confirmed by hysterectomy, risk was strongly associated with diastolic blood pressure. In the fully adjusted model, every 10-mmHg increase in blood pressure led to an 8 percent (range: 5-11 percent) and 10 percent (range: 7-13 percent) increase in risk for ultrasound-or hysterectomy-confirmed fibroids among women untreated and treated with antihypertensive medications, respectively. The interaction between (3) 23 (4) 25 (5) 29 (7) 29 (8) 24 (5) 28 (7) 30 (8) 31 (8) Ever antihypertensive medication use and diastolic blood pressure in 1989 was not statistically significant (p 5 0.60).
To evaluate potential diagnostic bias (that women evaluated for fibroids were more likely to have their blood pressure checked), we conducted additional analyses controlling for self-reported annual breast or pelvic examination and infertility evaluation in our multivariate model. Although both medical evaluation of infertility and annual breast or pelvic examinations were significant predictors of fibroids diagnosed by ultrasound or hysterectomy, they did not attenuate the strength of the relation between blood pressure and fibroid risk. In multivariate analyses stratified by these variables, the relation between diastolic blood pressure and uterine fibroids was not materially altered, and the likelihood ratio test was not significant (p 5 0.27). Therefore, having had a recent gynecologic examination neither confounded nor modified the relation between diastolic blood pressure and uterine leiomyomata.
Recognizing that body mass index is also a strong, independent predictor of fibroid risk (23) and that both body mass index and blood pressure contribute to risk for atherosclerosis, we stratified the analysis by body mass index (figure 1). In body mass index-stratified multivariate analyses, the relative risks for continuous diastolic blood pressure were 1.004 (95 percent confidence interval (CI): 0.997, 1.012), 1.009 (95 percent CI: 1.005, 1.014), and 1.008 (95 percent CI: 1.003, 1.013) in the low (15-21 kg/m 2 ), medium (22-26 kg/m 2 ), and high (27-45 kg/m 2 ) body mass index strata, respectively. However, the multiplicative interaction between continuous body mass index and continuous diastolic blood pressure was not statistically significant (p 5 0.38).
We repeated analyses using diagnosis of hypertension. In comparison with those who had no diagnosis of hypertension, the multivariate relative risks for uterine leiomyomata were 1.24 (95 percent CI: 1.13, 1.40) for all cases and 1.50 (95 percent CI: 1.26, 1.78) for hysterectomy-confirmed cases. Restricting the cohort to women who reported no diagnosis of hypertension in 1989 (n 5 95,631), to determine whether more recent onset of hypertension predicted fibroid incidence, did not substantially affect the relative risk estimates. In this subanalysis, the multivariate relative risks for uterine leiomyomata were 1.17 (95 percent CI: 1.02, 1.36) and 1.33 (95 percent CI: 1.05, 1.68) for all cases and hysterectomy-confirmed cases, respectively.
In additional stratified analyses, we modeled the risk of uterine fibroids by years of hypertension (categorized as <2, 2-<5, 5-<10, 10 years) in comparison with those who had no diagnosis of hypertension (table 3 ). There appears to be a nonlinear relation between years of hypertension and fibroid risk. The relative risk for uterine leiomyomata increased with years since diagnosis of hypertension for the first 5-9 years and then leveled off. Finally, we did not observe any effect modification of the diastolic blood pressure-fibroid association in analyses stratified by years of hypertension (likelihood ratio test 5 0.56).
We also evaluated the extent to which the association between diastolic blood pressure and risk of incident Finally, all of the above analyses were repeated using systolic blood pressure in 1989, stratified by updated antihypertensive medication use. Women with a systolic blood pressure less than or equal to 104 mmHg in 1989 who did not use antihypertensive medications were used as the referent group. A similar dose-response relation was found for high normal and elevated systolic blood pressure and uterine fibroid risk. In the fully adjusted model, the risk of fibroids rose 6 percent (4-8 percent) and 4 percent (2-6 percent) per 10-mmHg increase in systolic blood pressure for women not using and using antihypertensive medication, respectively.
DISCUSSION
To our knowledge, this is the first prospective study of the relation among diastolic (and systolic) blood pressure, antihypertensive medication use, and risk for clinically symptomatic uterine fibroid tumors. These prospective data demonstrate a dose-response relation between diastolic blood pressure and fibroid incidence, with higher blood pressure associated with increased fibroid risk. For each 10-mmHg increase in blood pressure, the multivariate relative risk was elevated 8 percent (range: 5-11 percent) and 10 percent (range: 7-13 percent) among antihypertensive medication nonusers and users, respectively, indicating a sizeable association with blood pressure that is independent of body mass index, oral contraceptive use, and reproductive history. Hypertensive women were 24 percent (range: 11-41 percent) more likely to report fibroids compared with normotensive women. Finally, risk for fibroids increased with duration of hypertension.
These results are consistent with cross-sectional data (55) and with data from a recent case-control study (56) . Faerstein et al. (56) found that subjects with hypertension (72) first proposed an analogy between atherosclerotic plaque and uterine leiomyomata. Hemodynamic stress (resulting from hypertension) may cause arterial smooth muscle cell injury leading to endothelial dysfunction, increased permeability, migration of smooth muscle cells, and fibrous plaque/fibroid formation. Uterine smooth muscle cells may be injured by a parallel process, which initiates fibroid formation. Fibroids are postulated to arise from uterine myometrium, uterine arteries, or connective tissue (16) . Excessive injury to the uterine endometrial lining may promote the monoclonal expansion of uterine smooth muscle cells (4) . Observed abnormalities in the structure and function of uterine vasculature in the presence of leiomyomata (73) invite the possibility that direct atherosclerotic injury to uterine blood vessels (74) may play a role. Existing evidence suggests similarities between atherosclerotic plaques and smooth muscle tumor cells in uterine leiomyomata: 1) both appear to have a monoclonal origin; 2) they behave similarly in culture; 3) during toxemia of pregnancy, lipids accumulate in uterine cells, not unlike atheroscleroma (56, 72, 75) ; and 4) they both display a similar tendency to become fibrotic and calcified (72) .
Fibroid tumors are distinguished by an accumulation of extracellular matrix and fibrous connective tissue (76) . The overproduction of extracellular matrix, a central component of uterine leiomyomata pathophysiology, may also be related to elevated blood pressure. Transforming growth factor b 1 is upregulated in response to tissue injury (77), enhances extracellular matrix production, and reduces its degradation (76, 78) . In leiomyomata tissue, transforming growth factor b 1 is overexpressed, mitogenic, and fibrogenic (76, 79) . Mechanical stress (79) , hormones (76) , and angiotensin II (80) may activate transforming growth factor b 1 . Hemodynamic stress, due to elevated blood pressure, may trigger a proinflammatory process that initiates transforming growth factor b 1 release and thereby induces the accumulation of extracellular matrix and fibrosis.
Atherosclerotic risk factors, such as hyperinsulinemia, may elevate fibroid risk (5) by stimulating uterine leiomyomata cell growth (81) and mitosis (56) or by altering ovarian hormone regulation. Smoking is an atherosclerotic risk factor that has been inversely associated with uterine leiomyomata risk in other studies (1, 5, 25, 39, 42) , although it was not predictive in our analyses. Although inconsistent among premenopausal women, a relation between smoking and estrogen bioavailability has been observed (82) (83) (84) (85) . Therefore, the antiestrogenic effects of smoking on fibroid risk (41) may outweigh its proatherogenic effects.
It is possible that fibroids may elevate blood pressure. Large fibroids may compress the urinary tract due to mass effect. If so, does the stronger association between diastolic blood pressure and hysterectomy-confirmed cases of fibroids support the reverse causation hypothesis? Larger fibroids may be more likely to be both clinically symptomatic and subsequently treated and confirmed by hysterectomy. However, the prospective evidence provided by this study suggests that elevated blood pressure precedes confirmatory diagnoses of uterine leiomyomata. Furthermore, fibroid risk increases with increasing time since diagnosis of hypertension. Nonetheless, because many fibroids are asymptomatic, it is impossible in this study to establish conclusively that the elevated blood pressure preceded the development of the fibroid.
The primary limitation of this study, shared with all previous studies, is the inability to determine fibroid date of onset. Another limitation is our reliance upon self-reported blood pressure. Neither hypertension nor blood pressure has been validated in this cohort. However, self-reported hypertension was validated and is a good predictor of cardiovascular events among the older Nurses' Health Study I participants (86) . In general, participants of the Nurses' Health Study cohorts have proven quite accurate in their selfreported data. One advantage of this study is its prospective design; blood pressure was related to fibroid diagnosis in the following 2 years. As there is no reason to suspect that selfreported blood pressure is systematically overreported among women destined to receive future diagnoses of fibroids, any inaccuracies in self-reported blood pressure are likely only to have biased our estimates of the association of blood pressure with uterine leiomyomata toward the null.
A more serious threat to validity is potential detection bias. Women with elevated blood pressure may be more likely to seek regular medical care or may be encouraged to have gynecologic visits, therefore having a higher likelihood of being diagnosed with fibroids. However, the medical record validation study by Marshall et al. (23) found that nearly two thirds of women reporting a fibroid diagnosis also reported symptoms consistent with uterine leiomyomata, which would diminish the magnitude of differential detection, if present. Women who are pregnant, infertile, or using oral contraceptives are more likely to have medical contact and/or to undergo procedures that would lead to incidental detection of fibroids (37) . However, all these women are very likely to have had their blood pressure measured. Because we included only those women whose blood pressure had been measured in the previous 2 years, it is unlikely that incidental detection of high blood pressure during an obstetric/gynecologic visit would affect these findings. Finally, controlling for annual breast and/or pelvic examinations and medical evaluation of infertility in additional models did not impact the relation between blood pressure and uterine fibroid risk.
Physicians may choose alternative methods, such as the bimanual examination, for the clinical evaluation of fibroids; however, there is no reason to believe this would vary by diastolic blood pressure level. If elevated blood pressure was associated with symptoms that influenced the detection of leiomyomata, then overestimation of the incidence rate ratio may have occurred. Settnes and Jorgensen (59) hypothesized that hypertension may cause menorrhagia, a common symptom of fibroids. However, there is no evidence to support a relation between hypertension and menorrhagia among premenopausal women (87, 88) . Residual confounding by body mass index is unlikely, because we modeled this variable in multiple ways with no significant changes in the relative risk. Additional analyses including fibroids confirmed by pelvic examination only (n 5 2,994) did not alter our results.
In summary, these prospective analyses demonstrate a strong and independent association between blood pressure and fibroid risk. Although uterine fibroids are the most common gynecologic tumor and the second largest indication for hysterectomies annually, mechanisms underlying their development remain poorly understood. Reasonable next steps include the following: 1) attempting to replicate these findings using a cohort study with frequent, standardized screening for fibroids and blood pressure; 2) investigating whether enhanced control of blood pressure and/or early detection of hypertension reduces the incidence of and complications associated with uterine fibroids; and 3) conducting a clinical trial to investigate shrinkage of fibroids among women treated with antihypertensive therapy compared with those untreated, using ultrasonography. While currently the most effective therapies available for symptomatic fibroids are surgical (73) , this research provides reasonable indication to explore novel approaches to medical management of fibroids, which may reduce associated morbidity and surgery (89) . These results offer evidence for a temporal and dose-response association between blood pressure and fibroids, they extend previous work on hypertension and fibroids, and they provide new evidence regarding the impact of proatherogenic chronic disease processes on the reproductive health and the quality of life for premenopausal women.
